In this paper we describe an approach that uses indicator geostatistics to interpret qualitative borehole logs and compute experimental variograms for complex alluvial sediments. Borehole descriptions are first transformed into binary indicator values based on inferred relative permeability from the borehole descriptions. The resulting indicator data can then be used to compute variograms and construct three-dimensional variogram models. The ranges of computed indicator variograms for a groundwater contamination site in Santa Clara Valley, California, are very sensitive to the orientation of the search plane. These variograms are consistent with known stratigraphic features and describe the spatial structure of deposits from different depositional environments. Indicator kriging weighs all the available data on the basis of a three-dimensional, anisotropic variogram model and provides an estimate of uncertainty in the hydrostratigraphic correlation. Kriged indicator values represent probabilities that sediments at a specific location fall into one of two indicator categories. The location of the 0.5 indicator contour is approximately the boundary between high-and low-permeability sediments that might be constructed in a geologic cross section.
INTRODUCTION
A large number of groundwater contamination sites are located in alluvial sedimentary environments. The sediments at these sites are often geologically mapped in terms of facies assemblages and relative ages of deposition. Unless the sediments are exceptionally uniform, the mapped geologic units typically contain lenses or layers of contrasting grain size and permeability. These subunits can range in maximum thickness from less than a meter to tens of meters and may be geometrically anisotropic and discontinuous.
An accurate description of the location and geometry of subunits with contrasting permeabilities is important for defining flow field boundaries and preferential pathways of water and solute movement. In practice, these boundaries are usually inferred from borehole logs using geologic judgement. This approach tends to underutilize the detail and spatial correlation of available information and provides no means for representing uncertainties in the stratigraphic interpretation.
In this paper we illustrate the use of an indicator function approach for interpreting complex alluvial stratigraphy from qualitative borehole logs. At extensively studied sites the positions of contaminant plumes are usually determined from measurements at numerous boreholes. The logs of these boreholes provide a detailed, descriptive data base of the sediment lithology. Here we interpret borehole descriptions in terms of binary indicator values and use these values to compute experimental variograms. The resulting indicator variograms describe the spatial structure of aquifer-aquitard stratigraphy. Indicator kriging gives an estimate of the uncertainty in the hydrostratigraphic interpolations. Smith, 1981; Sudicky, 1986] . Because effective permeability and transmissivity are spatially averaged parameters, the scale of measurement is important when describing the spatial variability of these parameters [Dagan, 1986; Gelhar, 1986] . Approaches for interpreting stratigraphic correlation and interconnectedness have been considered for many years in the geologic literature. Testerman [1962] developed a method for estimating the correlation of high permeability zones in a petroleum reservoir by statistically comparing the permeabilities of two vertical zones in adjacent wells. Subsequent studies have used similar approaches to correlate strata using geologic parameters, such as electrical resistivity, fossil content, or lithology [e.g., Kemp, 1982; Hawkins, 1984] . Schwarzacher [1980 Schwarzacher [ , 1982 Indicator geostatistics, as described by Journel [1983] , have been applied to the evaluation of mineral deposits [e.g., Davis, 1984] , earthquake intensities [Carr et al., 1985] , rock joint orientations [Young, 1987] , and the distribution of pollutants [Isaaks, 1984] . These studies demonstrated that indicator variograms are relatively smooth and structurally informative. In a recent study, Desbarats [1987] The basic premise in geostatistics is that the spatial structure of a variable can be described with a variogram, defined as the expected squared difference between pairs of data values [Journel and Huijbregts, 1978] . Assuming second-order stationarity, the variogram is considered to be independent of data locations and a function of only the direction and separation distance between points. An experimental semivariogram, •,*(h), can be computed from discrete observations z(xi) of the random variable Z(x) as
where N(h) is the number of data pairs separated approximately by the same distance h. Indicator geostatistics use a transform of the data to estimate probabilities that a variable will be less than or equal to specified threshold values [Journel, 1983] The three-dimensional structure of the deposits can be described with two variograms for near-horizontal, orthogonal directions and a third vertical variogram. We computed near-horizontal variograms with searches in dipping planes as illustrated in The cluster of boreholes near the origin of the plume could bias the variogram. These closely spaced, on-site boreholes are those within the site boundary in Figure 3 . Because many of the on-site boreholes were intentionally placed near a locally sinuous geologic contact to delineate its geometry, we suspected that data pairs that include points from these boreholes might not be representative of the spatial structure of deposits elsewhere in the study area. In particular, we expected that on-site data pairs would exhibit excessively high variability at short lags. On the other hand, nearly all long-lag data pairs would contain an on-site point, which might introduce artificial correlation. For these reasons we elected to delete the on-site data in computing nearhorizontal variograms representative of the study site as a whole (Figure 8) . In doing so we neglected information about the on-site sediments. Table 2 . Parameters for the model in Figure 7b are given in Table 3 . Table 2 for orientation of search plane and Table 3 
Orientations of Maximum and Minimum Continuity In computing and modeling the variograms in Figures 7-8 we assumed a stratigraphic dip and directions of maximum
where Co is a nugget effect. We use a nugget effect instead of the two smaller spherical models in (7) because we are only interested in the range of the largest spherical model. The ranges of variograms computed along the dip direction of the search plane exhibit a broad maximum when the dip direction is between N30øW and west. Similarly, the ranges of variograms along strike are least for these orientations.
To examine the structure of the deposits in more detail, we explored the possibility that directions of minimum and maximum continuity may vary for the different stratigraphic layers. The data were subdivided into three depth zones A, B, and C, each centered•mmnd•coarse-•r (Figures 4 and 5) . Both on-site and off-site data were used for zone C because of the sparsity of data at this depth. Figure  10 illustrates the sensitivity of the ranges of variogram models to various search plane orientations, each dipping 0.2 ø . The direction of maximum continuity is approximately due west for zones B and C and N40øW for zone A ( Table 2 ). The directions of minimum continuity correspond generally to the strike of these same search planes. In addition, zone C exhibits greater spatial continuity than zones A or B. Figure 11 shows the sensitivity of the variogram ranges for each zone to the dip angle of the search plane. The ranges are highly sensitive to small changes in dip. For all three •a 2000
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• A Btt Table 2 for search  plane orientations and Table 3 We can infer depositional environments from the variogram models that are reasonable given the geologic setting. The orientation of minimum and maximum continuity along the directions of stratigraphic strike and dip suggest elongated channel deposits. The 45 ø difference in the orientations of zones A and B may indicate a shift in streamflow direction between periods of deposition. The relatively high lateral continuity of zone C suggests that these sediments are sheet deposits.
Model Comparison and Kriging Demonstration
Although the differences among the variogram models for the individual depth zones are geologically informative, these differences may not be significant when kriging the available data. To evaluate whether the models are better able to compute known data within their respective zones, we performed a kriging cross validation following a procedure suggested by Davis [1987] . We divided the off-site data into 57 to 60 planar subsets, each with a vertical thickness of 1 m, oriented along the strike and dip of the variogram model under consideration. Figures 13a and 13b also similar for the three models and do not vary systematically through the depth profile, although they approach and equal zero in highly continuous portions of zone C. The similarity of both e k and e•, for the three zonal variogram models shows that the models compute the removed indicator data values equally well, given available neighboring data (Figure 13 ). This reflects the similarity of the shape of the variogram models over the separation distances used in the kriging, 100 < h < 400 m. Apparently, the errors are not sensitive to the differences in model orientation.
To complete this demonstration, we kriged the indicator data using a routine for three-dimensional ordinary kriging [Kark, 1985] 
SUMMARY
We have demonstrated the use of indicator geostatistics for interpreting hydrostratigraphy from qualitative borehole logs. While indicator variograms reflect observed stratigraphic features, they also reveal details that can be used to infer changes in depositional environments. Cross validation using the data available in our case study suggests that relatively subtle changes in the variogram with depth may not produce significantly different kriged results.
We used indicator kriging to estimate probabilities of inferred high-permeability occurrence. The 0.5 indicator contour appears to approximate hydrostratigraphic boundaries that would be inferred from geologic cross sections. The practical difficulty of projecting and weighing numerous boreholes onto a geologic cross section are handled in a consistent manner by kriging using a three-dimensionally anisotropic variogram model. Furthermore, this approach appears to provide a viable method for estimating uncertainties of hydrostratigraphic interpretation using qualitative data.
